A steep inclination of the rocking curves of the dynamical X-ray reflexions obtained with a three-crystal spectrometer was utilized to determine the piezoelectric constants of ~t-quartz. Preliminary results show that this method is generally accurate and sensitive to rapid angular shifts of the rocking curves. The constants da~ and da4 were measured to be 6"67 x 10 -8 and -2"7 × 10 -8 (c.g.s.e.s.u.), respectively.
Piezoelectric constants of dielectrics so far have been measured by static and dynamic methods (Cady, 1946; Nye, 1957) . Recently, the X-ray diffraction measurement was found to be effective for the determination of the constants, in which the shift of the diffraction peak induced by a static electric potential was measured (Bhalla, Bose, White & Cross, 1971 ; Barsch, 1976) . In the present study, the steep slope of the rocking curves of dynamical X-ray diffraction was utilized as a new experimental technique with a higher accuracy. Matsushita & Kohra (1974) utilized the rocking curves with steep slopes at high and low-angle sides to determine the X-ray atomic scattering factors. The steep inclination of the rocking curves can be generally utilized for determining both a small change of lattice spacing and a small rotation of specimen crystal. We applied this method to a nearly perfect synthetic quartz,* and the static determination of the piezoelectric constants was made with the converse effect.
In the experiment a three-crystal spectrometer was used because the non-dispersive condition of wavelength for a double-crystal spectrometer does not hold accurately when the lattice spacing is changed by the applied potential. Asymmetric 422 reflexions of perfect silicon were adopted as the first and second reflexions of the spectrometer, as shown in Fig. 1 . The experimental rocking curve of diffraction from the third crystal (specimen) was obtained as a convolution of three intrinsic rocking curves. Double successive asymmetric diffractions in the (+, +) arrangement gave a beam of peculiar spread in angle and wavelength (Nakayama, Hashizume, Miyoshi, Kikuta & Kohra, 1973) , but it could be neglected in the present experiment.
If the rotation of the specimen is interrupted at about the half-intensity position of the high or low-angle side during the dynamical diffraction process, the observed re-* The single crystal of quartz was offered through the courtesy of Toyo Communication Co., Kawasaki, Japan. flexion intensity remains unchanged, as shown in Fig. 2 . Then, application of the static electric potential to the specimen causes the change in intensity corresponding to the change in spacing and/or rotation of the lattice plane of the specimen (A in Fig. 2) . The intensity recovers again if the potential is removed (B in Fig. 2 ). The intensity difference between A and B gives the angular shift of the rocking curve.
The theoretical limit of this method can be estimated as follows. The intrinsic rocking curve is given by a power ratio Pn/Po as a function of the variable L (Zachariasen, 1945; DeMarco & Weiss, 1965) .
(1)
Here g and k can be calculated theoretically and y is a parameter which is a linear function of the angle of deviation from the Bragg angle. We consider the inclination of the rocking curve at Pn/Po =½, where L is ¼. From (1), the dif-S quartz Fig. 1 . Three-crystal spectrometer in the (+, +, +) setting. ferential d(Pn/Po)/dL at Pn/Po =½ is found to be -~-. If the height of the rocking curve on the recorder is 25 cm, the intensity change corresponding to 0.1 cm can be detected.
Then it is reasonable that the observable minimum value, 6L, for the change of L is -0.6 x 10-2. If the Bragg-case 333 reflexion of Cu Ka from a germanium crystal is considered, values of the differential OL/Oy are found to be -4.2 at y=-1.05 (Pn/Po=½) for the low-angle side and 1.56 at y=0.9557 (Pn/Po=½) for the high-angle side. Accordingly, the detectable minimum changes by, corresponding to the 6L, will be 0.143 x 10 -2 and 0.385 x 10 -2 respectively. This means that the detectable angular shift of the rocking curve is 0.28 x 10 -2 seconds of arc or 0.75 x 10 -2.
In the present experiment with quartz, however, the detectable angular shift was 2 x 10 -2 seconds of arc and larger than the value estimated above, although the half-value widths of the intrinsic rocking curves were smaller than that of the 333 reflexion of germanium. This is mainly because of the effect of convolution of the rocking curves. The piezoelectric constant dll of quartz was obtained by the following three measurements. Firstly, a pair of 420 and 7420 Bragg-case reflexions from an X-cut plate, 0.04 cm thick, was studied. In all the measurements the pair of hkl and hk--/ reflexions was used to determine if the intensity change was mainly due to the change of the lattice spacing or the rotation of the specimen. With the pair, the intensity change caused by the former could be easily separated from that of the latter. Thin aluminium electrodes (1-7 x 1.4 cm) were plated on the etched surfaces by vacuum evaporation. The applied potential was 573 V and the effect of the electric field on the rocking curves was very small (Yamashita & Kato, 1975) . But the mean value of the angular shifts measured at the low-angle and the high-angle side was obtained to reduce the effect of the field, which was assumed to be symmetric at both sides. The polarity of the potential across An electric potential is applied at A and removed at B during an interruption of the rotation of the specimen.
the specimen was also reversed to observe the effect of the external electric field for each measurement. The value dl 1 = 6.46 x 10 -8 (c.g.s.e.s.u.) was obtained from the intensity changes, with the inclination of the experimental rocking curves used. The second measurement of dll was done with the Laue-case 020 and 020 reflexions from the same specimen. The experimental procedure was the same as in the first experiment and the value 6.96 x 10 -s (c.g.s.e.s.u.) was obtained. The third measurement was done with the Braggcase 040 and 0740 reflexions from the Y-cut plate of thickness 0.071 cm. When the X axis was set to be horizontal, the rotation angle of the (040) plane about the Z axis by shear strain gave the value dl 1 of 6.58 x 10-8 (c.g.s.e.s.u.). From the above series of measurements the mean value 6"67 x 10-8 (c.g.s.e.s.u.) was obtained, which agrees with the values obtained by other methods, i.e. 6-76x 10 -8 (c.g.s.e.s.u.) (Mason, 1943 ) and 6.94x 10 -8 (c.g.s.e.s.u.) (Bhalla, Bose, White & Cross, 1971 ). The constant d14 was obtained by measuring the 7420 and 420 reflexions from the side faces of the Y-cut plate, whose Y-surfaces were set horizontally. The thickness of the plate was 0.4 cm and the surface area 2.5 x 1.7 cm 2. Electrodes of thin stainless-steel plates, which were larger than the surface area, were attached to the surfaces and the potential of 1181 V was applied. From the shift of rocking curves due to the shear strain, the value -2.7 x 10 -8 (c.g.s.e.s.u.) was obtained, which is larger than the published values by about 20~'o (Cady, 1946) . As the value d,~ was small, the error in this measurement was estimated to be about 10%.
In the present experiment, the angular shift of the dynamical X-ray diffraction curves could be determined to an accuracy of the order of 2 x 10 -2 seconds of arc and the piezoelectric constants of a-quartz were measured under an applied potential as low as the order of 10 4 V cm-i. The present method will be very convenient for measurements at high and low temperatures, because the intensity change of the rocking curves appears instantly when the electric field is applied.
